INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked, ultimately fatal muscle disease (1) that, according to the results of newborn screening programs in Ohio, USA and Wales, UK, affects approximately 1 in 5000 male live births (2, 3) . The manifestations of the disease include progressive muscle weakness, cardiomyopathy, and respiratory failure, which lead to premature death. DMD is caused by abnormal dystrophin, a large structural muscle protein. Mutations in the gene encoding dystrophin (4) result in reduced sarcolemma stability, increased intracellular calcium ion influx, and, ultimately, degeneration of muscle fibers. Antisense oligonucleotides (ASOs) can induce exon skipping in the mutated dystrophin transcript, correcting its open reading frame by splicing out the exon adjacent to the deleted region in pre-mRNA. Studies in animal models show that ASOs can restore the expression of functional dystrophin and suppress disease progression (5-9). However, although dystrophin expression has been observed in early-phase clinical trials of the ASOs eteplirsen and drisapersen in patients with DMD (10, 11) and some clinical benefits were suggested in a phase 2 clinical trial of drisapersen (12) , a well-powered, doubleblind, placebo-controlled phase 3 trial of drisapersen has not shown a statistically significant difference from placebo (13) .
The region from exon 45 to 55 in the dystrophin gene is a deletion mutation hotspot and therefore is a potential target for exon skipping. Skipping of exon 51 could theoretically be used to treat 13% of DMD patients (14) . Treatment of DMD patients with eteplirsen induced dystrophin production in muscles (15) . Consequently, the U.S. Food and Drug Administration (FDA) recently approved eteplirsen under the accelerated pathway as the first disease-modifying exon 51-skipping ASO for DMD (16) . The FDA rejected another exon 51-skipping drug, drisapersen, because of safety concerns (17) . Other candidate targets of exon skipping in the mutation hotspot are exons 45 and 53, and four clinical programs developing ASO approaches, including that described here, are in phase 1 or 2 clinical trials (18) (19) (20) .
Skipping of exon 53 would be expected to treat approximately 8 to 10% of patients with DMD (14) . In the Japanese population, the mutations amenable to exon 53 skipping reportedly occur as frequently as those in exon 51 (21) . After the approval of eteplirsen, the applicability of exon 53 skipping was potentially reduced from 10 to 8% of dystrophin gene mutations (22) because exon 52 deletion could be ameliorated by skipping either exon 51 or 53. A direct comparison of phenotypes caused by dystrophins expressed after in-frame deletions of exons 51 to 52 and 52 to 53 has yet to be performed. Regardless, an effective exon 53-skipping drug could benefit some patients with DMD.
NS-065/NCNP-01, a morpholino ASO developed through comprehensive sequence optimization, was shown to efficiently induce exon 53 skipping in dystrophin-encoding pre-mRNA in human rhab domyosarcoma cell lines and in MyoD-transduced fibroblasts from two DMD patients carrying different mutations. Treatment with NS-065/NCNP-01 resulted in restored expression of dystrophin. On the basis of these key preliminary results, we initiated a phase 1 study to assess the safety and efficacy of NS-065/NCNP-01 for the treatment of DMD patients expected to benefit from exon 53 skipping. Here, we report the results of a phase 1 clinical trial aimed at evaluating NS-065/NCNP-01 safety and pharmacokinetics in 10 patients with DMD. The amount of exon 53 skipping and the restoration of dystrophin expression were also monitored in all patients.
RESULTS

Participants recruited for phase 1 clinical trial
Here, 10 patients with DMD, including 7 nonambulant and 3 ambulant patients, were intravenously administered NS-065/NCNP-01 at doses of 1.25, 5, or 20 mg/kg per week for 12 weeks. This phase 1 study did not aim to evaluate functional improvement, and we intended to enroll nonambulant patients; however, because of the scarcity of eligible DMD patients with the targeted deletion in the DMD gene at a single institution, the protocol allowed the inclusion of ambulant patients as well. This also explains the overall small sample size in this study. All 10 participants received the intended treatment and completed the safety evaluation. There were no obvious deviations from the protocol. The mean age of the participants at baseline (day 0) was 11 ± 3 years (Table 1) . Exon deletion patterns were classified into three groups: exons 48 to 52, 45 to 52, and 49 to 52; none of the patients had single-nucleotide polymorphisms (SNPs) in the NS-065/NCNP-01-targeted region. For all patients, the in vitro assay indicated that NS-065/NCNP-01 treatment induced the expression of dystrophin mRNA with a skipped exon 53 and, consequently, the expression of dystrophin protein (which was slightly shorter than wild-type dystrophin). No obvious differences were found in the amount of exon skipping in patients with different exon deletion patterns ( fig. S1 ).
Adverse drug reactions after treatment with NS-065/NCNP-01 NS-065/NCNP-01 was well tolerated at all investigated doses, and no serious adverse events were reported. The severity of adverse events was graded according to the Common Terminology Criteria for Adverse Events, version 4.0 (Japanese translation), published by the Japan Clinical Oncology Group (CTCAE v4·0-JCOG). Overall, 72 incidences of adverse drug reactions were recorded; among them, 4 were classified as grade 2 and 68 as grade 1 (Table 2) . Notable adverse drug reactions observed in more than two patients in the low-dose (1.25 mg/kg), medium-dose (5 mg/kg), and high-dose (20 mg/kg) cohorts included an increase in N-acetyl--d-glucosaminidase (NAG) in nine patients (three patients on a low dose, three on a medium dose, and three on a high dose), proteinuria in eight patients (1/3/4), albuminuria in seven patients (2/2/3), anemia in seven patients (1/3/3), increased interleukin concentrations in five patients (2/1/2), elevated brain natriuretic peptide concentrations in two patients (1/1/0), increased diastolic pressure in two patients (0/2/0), increased complement component C3 in two patients (2/0/0), and increased 2-microglobulin in two patients (0/0/2). Proteinuria seemed to be an artifact; however, we mention it as an adverse drug reaction in the clinical study report because we could not identify the underlying mechanism during the study. Grade 2 adverse drug reactions included decreased ejection fraction in one patient from the medium-dose cohort, and proteinuria and eczema in two and one patient, respectively, from the high-dose cohort. In all patients, the reported adverse drug reactions resolved either without or with only symptomatic treatment, and none of the patients discontinued the trial as a result of an adverse event. Antibodies reactive against human dystrophin or NS-065/NCNP-01 were not detected in the serum of any of the 10 DMD patients. 
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Concentration of NS-065/NCNP-01 in patient plasma
Measurements of the plasma concentrations of NS-065/NCNP-01 were taken over a 10-hour time period after the final dose of NS-065/ NCNP-01. The maximum drug concentration in plasma (C max ) and the area under the concentration-time curve from time 0 to time t for drug in plasma (AUC 0-t ) increased in a dose-dependent manner in the low-, medium-, and high-dose patient cohorts ( Fig. 1, A and B) . Pharmacokinetic characteristics of NS-065/NCNP-01 are shown in Table 3 . At the initial dose, the mean C max was 6040 ng/ml in cohort 1 (low dose) and 70,200 ng/ml in cohort 3 (high dose). Over the entire study period, T 1/2 was 1.52 to 1.84 hours. Median urinary excretion rates for NS-065/NCNP-01 over 24 hours were 69.1% (range, 49.8 to 96.7%) for the first dose and 85.3% (range, 63.8 to 100%) for the final dose. The correlation of C max and AUC 0−t with the final dose calculated based on body weight and body surface area was high (R 2 > 0.9) (Fig. 1 , C to F), and dose calculation based on the body surface area improved the regression coefficient. Figure 2 shows exon skipping in DMD mRNA for the low-, medium-, and highdose patient cohorts. We defined the amount of exon skipping as an absolute increase; thus, 0% indicates that all primerspecific reverse transcription polymerase chain reaction (RT-PCR) products retained exon 53, whereas 100% indicates that all products had exon 53 excised. Exon skipping increased for all DMD patients. Only one patient in cohort 1 demonstrated exon skipping of more than 1%, whereas exon skipping for all patients in cohorts 2 and 3 was higher than 1%, which is consistent with a dose-dependent increase. One patient (NS-07) exhibited a marked increase in exon skipping of 47.5% (from pretreatment 0.3% to posttreatment 47.8%). A statistically significant dose-dependent increase in exon skipping was revealed by the JonckheereTerpstra trend test (P = 0.0166) ( Fig. 2A) . Patient NS-07 had the highest C max and AUC 0−t for the first and final doses and had the greatest amount of exon skipping (Fig. 2B) . A strong correlation was observed between exon skipping and the final-dose C max ( Fig. 2C ) and AUC 0−t (Fig. 2D) .
Exon skipping and dystrophin expression in DMD patients treated with NS-065/NCNP-01
The posttreatment ratio of dystrophin/ spectrin measured by immunofluorescence intensity quantification of spectrin and dystrophin in the sarcolemma was increased in several patients (P < 0.05) (Fig. 3, A to E). The most striking increase was observed for patient NS-07: at pretreatment, the ratio was close to zero, whereas at posttreatment, it was 0.174 (P < 0.0001), which was 17.6% of the ratio for normal control individuals set at 100%. For 7 of the 10 patients (70%), the posttreatment 
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dystrophin/spectrin ratio was significantly higher than the pretreatment ratio (P < 0.05) (Fig. 3D) . On the basis of the distribution of the dystrophin/spectrin ratio in normal control muscle fibers, DMD muscle fibers with a ratio higher than the first percentile of the control were considered to be dystrophin-positive (Fig. 3C ). The treatment with NS-065/NCNP-01 increased the number of dystrophin-positive muscle fibers in two patients from cohort 3 (Fig. 3E) ; however, except for patient NS-07, dystrophin expression was not detected by Western blotting (Fig. 4) . The posttreatment dystrophin/spectrin intensity ratio for patient NS-07 was 8.1% of that observed in the normal control, and no dystrophin was detected at the pretreatment stage. Serum creatine kinase concentration was also used as one of the endpoints. However, no significant difference was observed among measurements within individual cohorts before and after treatment (table S1).
DISCUSSION
Our study is a first-in-human clinical trial of the morpholino ASO NS-065/NCNP-01. We administered NS-065/NCNP-01 weekly for 12 weeks to 10 patients with DMD carrying a mutated dystrophin gene whose open reading frame could be restored by skipping of exon 53. NS-065/NCNP-01 was well tolerated up to a single dose of 1668 mg and a cumulative dose of 19,790 mg, as evidenced by the absence of serious adverse events. We observed a dose-dependent increase in exon skipping, which was confirmed by RT-PCR. We did not detect antibodies against newly synthesized dystrophin or NS-065/NCNP-01. Several clinical trials focusing on dystrophin restoration investigated T cell responses to newly produced dystrophin (15, 23, 24) . However, we could not perform such assays in this clinical trial. The risk of cellmediated immunity against the newly produced dystrophin should be evaluated in further clinical studies of NS-065/NCNP-01.
New drug applications for the exon 51-skipping ASOs drisapersen and eteplirsen have already been reviewed by the FDA. For drisapersen, the new drug application was rejected in January 2016 (17) , whereas eteplirsen received accelerated approval in September 2016 (16) . However, there was a considerable controversy regarding potential efficacy of eteplirsen, which was debated during the FDA review process. Although the regulatory review did not question the exon-skipping model, it highlighted the importance of the study design and reliable methods for quantifying dystrophin expression (25) . For a proof-of-concept study, we considered several routes of NS-065/NCNP-01 administration, including single-dose and intramuscular injection. However, for comprehensive assessment of drug safety, we chose repeated dose administration by systemic intravenous infusion. In healthy individuals, an ASO for DMD exon skipping converts the full-length in-frame mRNA to mRNA with an out-of-frame deletion, which can result in down-regulation of full-length dystrophin mRNA expression and an uninterpretable safety profile. Therefore, in contrast to other phase 1 trials in healthy participants, our ASO had to be evaluated in patients with DMD. This trial was conducted in a single center, which greatly limited the number of available patients with DMD, a rare disease. Furthermore, as our drug targeted a specific exon, the choice of eligible patients was further limited to those carrying a mutant DMD gene whose reading frame could be restored by exon 53 skipping. As a result, 10 DMD patients were enrolled. As safety evaluations including drug dose escalation required three or more patients for each dose, we divided the 10 patients into three cohorts. The initial dose of 1.25 mg/kg was determined on the basis of nonclinical toxicological studies of NS-065/NCNP-01 in primates; the medium dose (5 mg/kg) was escalated to fourfold of initial dose, and the high dose (20 mg/kg) was escalated to fourfold of the medium dose. Considering the acceptable study duration for patients, allocatable resources, and minimal time for dystrophin protein expression after systemic ASO treatment, a 12-week treatment period was chosen largely based on the eteplirsen phase 2 trial, where eteplirsen (50 mg/kg per week) administered for 12 weeks increased the amount of dystrophinpositive muscle fibers in three of four patients (15) . Although an increase in the number of dystrophin-positive muscle fibers was observed for eteplirsen (50 mg/kg per week), the effects after the 12-week treatment period were not significant. We considered that the shortest treatment period for which we could expect an effect on dystrophin expression by our morpholino ASO NS-065/NCNP-01 was 12 weeks. Assuming that NS-065/NCNP-01 showed linear dose dependency, the expected proportion of dystrophin-positive patients in the 20-mg/kg cohort of our study was estimated to be 30%. Because only four patients received NS-065/NCNP-01 at a dose of 20 mg/kg and the other patients received lower doses, the expected number of dystrophinpositive patients was calculated as 1.2 in a total of 10 enrolled patients. To satisfy the minimum number of patients to evaluate safety for each dose under the constraint that the total patient number was 10, we did not escalate the dose beyond 20 mg/kg, and we set dystrophin expression as the secondary endpoint.
No severe drug-related adverse events were observed for any NS-065/NCNP-01 dose. The most frequently reported adverse reactions were elevated NAG, proteinuria, and anemia. For eteplirsen, proteinuria was a rare event over the 48 weeks of treatment (15) , whereas for NS-065/NCNP-01, proteinuria was observed in 80% (8 of 10) of patients in this study. However, it was detected only in 24-hour pooled urine samples, and not in spot samples, and so may be due to possible cross-reaction of NS-065/NCNP-01 with the pyrogallol red used 
to measure urinary proteins. We did not detect proteinuria in any patient when using the Coomassie brilliant blue method to measure urinary proteins (table S2) . Albuminuria was observed in seven patients but was not considered an adverse event, because it was detected only in spot urine samples and not in 24-hour urine samples, and it therefore was not regarded as clinically significant. These results suggest the absence of obvious kidney toxicity for NS-065/ NCNP-01 administered at 20 mg/kg per week for 12 weeks. Grade 1 anemia was observed in seven patients belonging to all three dosing groups, and a causal relationship was not ruled out. Hemoglobin decreased from days 1 to 7, but exhibited a recovery trend after day 14 in cohorts 1 (two patients) and 2 (all patients); hemoglobin recovery was also observed for one patient in cohort 3. Hemoglobin fluctuations may be partly attributed to the high volumes of blood needed for safety evaluations in this study. Other expected adverse events including inflammatory reactions, coagulopathies, and hepatic toxicity were not observed. Therefore, the safety profile of NS-065/NCNP-01 is consistent with those of other morpholino ASOs. NS-065/NCNP-01 pharmacokinetics was dose-dependent, with a short half-life. The C max was attained in less than 1 hour for cohorts 2 and 3 and in 1 hour for cohort 1. The urinary excretion rate indicated removal of 70 to 80% of the total administered drug within 24 hours. The kidney function of all patients was in the normal range. Noteworthy results were obtained for patient NS-07, who had the highest body weight and who was found to have been administered 42% more drug than the patient receiving the next highest dose when doses were calculated on the basis of the body surface area. This may explain why only patient NS-07 showed obvious dystrophin expression by Western blotting, which indicated a high degree of exon skipping. Kidney dysfunction has been reported to reduce the rapid renal clearance of unmodified phosphorodiamidate morpholino oligomers (26) , but in our study, all participants, including patient 
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NS-07, had normal kidney function. Therefore, it is more likely that the high body weight of patient NS-07 (83.4 kg at baseline) could be a factor. Steroid treatment may exacerbate weight gain and fat mass in DMD patients; the fat fraction of patient NS-07 was considered relatively high, although we did not measure lean body mass in this study. The impact of increased body weight and fat fraction on ASO activity has not been established, and our results indicate the need for further elucidation of ASO pharmacokinetic/pharmacodynamic profiles. Furthermore, the drug dose calculated on the basis of the body surface area resulted in more pronounced differences between patient NS-07 and the other patients in the study, suggesting that the NS-065/NCNP-01 blood concentration could be controlled according to the body surface area-based dosage.
A posttreatment increase in exon skipping was observed in most of the 10 patients, most notably patient NS-07, who showed a marked increase of 47.5%; an increase this large has not been reported in previous studies of systemic ASO treatment of DMD patients (11, 12, 15, (27) (28) (29) . However, caution must be exercised in interpreting the results because overamplification of the skipped fragment in conventional RT-PCR compared to that in digital droplet PCR has been reported (30) . Skipping of exon 53 resulted in a posttreatment increase in dystrophin protein in 7 of the 10 patients, especially in patient NS-07, as indicated by the dystrophin/spectrin ratio based on immunofluorescence analysis. This ratio, calculated as a percentage relative to the ratio for normal control individuals set at 100%, was used as a relative indicator of dystrophin expression. However, we used a single normal control sample and antibodies directed against only one (C-terminal) dystrophin domain to detect dystrophin, which we did not validate for specificity. Therefore, the results regarding dystrophin expression are very preliminary and must be verified using samples from more than one healthy individual and antibodies raised against different dystrophin domains (N-terminal, C-terminal, and the rod domain). This is a clear limitation of our study.
In contrast to the dystrophin/spectrin ratio, the number of dystrophin-positive muscle fibers increased only in two patients (NS-07 and NS-08). A threshold of dystrophin positivity in each slide was determined as the first percentile value based on the distribution of the dystrophin/ spectrin ratio in a simultaneously stained normal control sample. This appeared to be a conservative approach to assess dystrophin-positive muscle fibers compared to visual counting, which explains the difference between the data for the dystrophin/spectrin ratio and those for dystrophin-positive muscle fibers. Although the analysis of the dystrophin/ spectrin ratio was sensitive, we considered that the observed slight increases (except for patient NS-07) were unlikely to predict clinical benefit. This view is supported by the few dystrophin-positive fibers in all but one patient, and the inability of Western blotting to detect dystrophin expression except for patient NS-07.
The discrepancy between immunofluorescence data and Western blotting results regarding dystrophin expression may be attributed to the different sensitivities of these methods under the experimental conditions of our study. Thus, immunofluorescence analysis of the pretreatment sample from patient NS-02 revealed 0.4% dystrophinpositive revertant fibers; however, Western blotting showed no dystrophin signal. Considering these observations, it is conceivable that the sensitivity of immunofluorescence including image quantification was higher than that of Western blotting.
Our study had several notable limitations including small sample size, short treatment duration, and the absence of functional endpoints as well as the lack of full validation of the dystrophin expression assay. Our study, however, does establish that NS-065/NCNP-01 is safe and well tolerated for 12 weeks at a dose of up to 20 mg/kg per week. We also demonstrated dose-dependent exon skipping activity of NS-065/NCNP-01, which correlated with dystrophin expression. We expect that NS-065/NCNP-01 administration at higher doses over longer periods may increase exon-skipping efficiency and enhance dystrophin expression. The approved clinical dose of eteplirsen is 30 mg/kg per week, although the FDA pointed out that a much higher dose, for example, 30 mg/kg daily, would benefit some patients who The dystrophin/spectrin signal ratio for the pretreatment patient sample could not be calculated because dystrophin expression could not be detected. The dystrophin/spectrin signal ratio for the posttreatment patient sample was 8.1%.
could tolerate frequent dosing (25) . For NS-065/NCNP-01, on the basis of the pharmacokinetic results and the lowest blood concentration needed to restore dystrophin expression found in this study, the therapeutic dose is expected to be 40 to 80 mg/kg per week. Our collaborative partner Nippon Shinyaku Co. Ltd. announced initiation of a phase 1/2 clinical trial in Japan in February 2016 and a phase 2 clinical study in the United States in March 2016 (31, 32) .
In conclusion, our first-in-human study of the ASO NS-065/ NCNP-01 showed that the drug had a favorable safety profile in 10 DMD patients harboring an out-of-frame deletion amenable to exon 53 skipping and exhibited promising pharmacokinetics. The next step will be a phase 2 dose-finding trial that will be required before proceeding to a pivotal clinical trial.
MATERIALS AND METHODS
Study design
This study, performed from 20 June 2013 to 12 September 2014, was designed as an investigator-initiated, single-institution, open-label, uncontrolled, phase 1 exploratory trial with the primary aim to determine the safety of NS-065/NCNP-01 for DMD patients (UMIN Clinical Trials Registry: 000010964; ClinicalTrials.gov: NCT02081625). Secondary objectives were to investigate drug pharmacokinetics, the amount of exon skipping, expression of dystrophin protein, and changes in the serum concentration of creatine kinase.
The participants in the study were ten 5-to 18-year-old Japanese boys with a genetically confirmed diagnosis of DMD, who carried a mutated DMD gene with a reading frame that could be restored by skipping of exon 53. In total, 10 DMD patients, including 7 nonambulant and 3 ambulant individuals, were enrolled. Because this phase 1 study did not aim to evaluate functional improvement, the patient cohort mostly consisted of nonambulant patients. However, because of the rarity of the disease, ambulant patients were also included. The Registry of Muscular Dystrophy (the Japanese registry of dystrophinopathy) and the Muscular Dystrophy Clinical Network (the nationwide alliance in Japan for neuromuscular clinical research), both operated by the National Center of Neurology and Psychiatry (NCNP), facilitated patient recruitment (33, 34) . No outliers were excluded in this study. The study protocol was developed in consultation with the Pharmaceuticals and Medical Devices Agency and approved by the Institutional Review Board of the NCNP. The study was conducted in accordance with good clinical practice guidelines and the Declaration of Helsinki. Written informed consent was obtained from parents or guardians; when possible, written informed assent was obtained from participants. As the minimal cohort size for each drug dose should not be less than 3 patients, the 10 patients were distributed into three cohorts using numbers randomly assigned to each participant by a statistician. The three cohorts received different doses of the ASO NS-065/NCNP-01: 1.25 mg/kg (n = 3, group 1), 5 mg/kg (n = 3, group 2), and 20 mg/kg (n = 4, group 3). Escalation to a higher dose was allowed if safety was confirmed for all patients in the lowest-dose cohort. Appendix S1 provides the full protocol, including additional inclusion and exclusion criteria, discontinuation criteria, and prohibited concomitant drugs/therapies.
Treatment with the ASO NS-065/NCNP-01
NS-065/NCNP-01 was synthesized and purified by Nippon Shinyaku and supplied at 25 mg/ml in 5 ml of ampoules. The concentrated NS-065/NCNP-01 was diluted to the desired dose in 100 ml of saline and administered by drip infusion for 1 hour once a week for 12 weeks. Each cohort was led by one patient who was administered the target dose and monitored for safety for 7 days; then the remaining patients in the cohort started weekly dosing. A safety assessment committee advised the principal investigator on dose escalation, discontinuation of the study drug, and protocol modification.
Safety assessment of NS-065/NCNP-01
Safety was periodically assessed by physical examination, vital signs, electrocardiography, echocardiography, abdominal echo, laboratory tests, and a pulmonary function test. Signs and symptoms of DMD progression were not recorded as adverse events if they were within the range of prediction, but were recorded if they were more severe than anticipated.
Drug concentrations in urine and plasma
Plasma and urinary NS-065/NCNP-01 concentrations were measured by high-performance liquid chromatography/tandem mass spectrometry for pharmacokinetic analysis. The standard material used for the quantification included related substances, and because it was treated as a pure compound, the concentration of NS-065/NCNP-01 was approximately 10% lower than the measured value. Blood samples were collected on days 0, 7, and 77, and urine samples were collected on days 0 and 77.
After magnetic resonance imaging of the tibialis anterior muscle, tibialis anterior muscle biopsy was performed at the pretreatment (within the screening period) and posttreatment (20 ± 4 days after the last drug dose) time points; either the right or left tibialis anterior muscle was used for pretreatment biopsy, and the contralateral side was used for posttreatment biopsy. Cultured primary skin fibroblasts isolated from pretreatment muscle biopsy samples were transduced with a retrovirus coexpressing MyoD and ZsGreen1 and differentiated into myotubes as previously reported (35) . Cells were then treated with 10 M NS-065/NCNP-01 and analyzed for exon 53 skipping and dystrophin expression by RT-PCR and Western blot, respectively. Genomic DNA was extracted from blood samples and screened for SNPs in the NS-065/NCNP-01-targeted DMD region.
Assessment of exon 53 skipping by RT-PCR
The exon 53 skipping level was evaluated by RT-PCR using total RNA from sliced frozen muscle. Only two primer-specific bands corresponding to fragments with and without exon 53 were selected, and the exon-skipping level (%) was analyzed using the Experion Automated Electrophoresis Station (Bio-Rad) and calculated for each primer pair as exon 53-deleted PCR fragment/(full-length PCR fragment + exon 53-deleted PCR fragment) × 100%. The specificity of the RT-PCR products was confirmed by Sanger sequencing and gel electrophoresis.
Immunofluorescence analysis of dystrophin expression
Dystrophin expression was analyzed by immunofluorescence as previously reported (36) with some modifications. Briefly, muscle sections from the normal control sample and patient specimens were double-stained with primary anti-spectrin and anti-dystrophin antibodies followed by secondary antibodies labeled with Alexa Fluor 488 (for spectrin) and Alexa Fluor 647 (for dystrophin) and observed under a confocal microscope. Although the operator was not blinded to the source of the samples (post-or pretreatment biopsies), measures were taken to prevent possible bias in image selection; thus, as many fields as possible were captured using the spectrin but not the dystrophin channel. Images were taken at the same conditions, including laser intensity, pinhole size, detector gain, and scanning resolution, after all the parameters were optimized using the normal control sample. Before fluorescence intensity quantification, a masking binary image that designated areas unsuitable for quantification, for example, those with nonspecific staining, advanced fibrotic change, or irregular mounting on the slide, was manually generated on the basis of only on spectrin images. Sarcolemmal region detection and fluorescence intensity quantification of spectrin and dystrophin were performed through an automatic batch process controlled by MetaMorph (Molecular Devices) script; the dystrophin/spectrin ratio was calculated and used as an indicator of dystrophin expression. For preliminary validation of immunofluorescence analysis, we measured the dystrophin level in muscle of a patient with Becker muscular dystrophy (BMD), and it showed a patchy dystrophin expression pattern. In the setting when the dystrophin/spectrin ratio in the normal control was 1.173, the respective ratio in the BMD sample was 0.481, that is, 41.0% of the normal (fig. S2 ).
Western blotting analysis of dystrophin expression
Western blotting analysis was applied to confirm dystrophin expression using primary anti-dystrophin and anti-spectrin antibodies; similar to immunofluorescence analysis, dystrophin expression was quantified as the dystrophin/spectrin band intensity ratio. To evaluate the accuracy of the method, we mixed DMD and normal muscle lysates (9:1 ratio) and then prepared a mock BMD-like lysate containing 10% full-length dystrophin. Our semiquantitative analysis based on Western blotting revealed 6.0% dystrophin content in the 10% dystrophin mock lysate ( fig. S3) .
RT-PCR, immunofluorescence, and Western blotting are described in detail in the Supplementary Materials and Methods.
Statistical analyses
Because this study was exploratory, no statistical hypothesis was tested. The safety analysis was defined as the group comprising all subjects who received more than a single dose of the drug, and the proportion of patients who developed adverse events was calculated. For pharmacokinetic evaluation, the population included all subjects with at least one pharmacokinetic observation that could be evaluated. Pharmacokinetic parameters were derived from the concentrationtime profiles using Phoenix WinNonlin version 6.3 (CERTARA). Drug activity was assessed on the basis of the amount of exon skipping, the percentage of dystrophin-positive muscle fibers, and the dystrophin/spectrin expression ratio. Statistical analyses were performed using Microsoft Excel 2010 (Microsoft), SAS 9.4 (SAS Institute), and R 3.2.2 (R Foundation). Two-sided testing was used, and P ≤ 0.05 was considered significant.
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